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N-Acetylcysteine prevents ifosfamide-induced
nephrotoxicity in rats
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Background and purpose: Ifosfamide nephrotoxicity is a serious adverse effect for children undergoing cancer chemotherapy.
Our recent in vitro studies have shown that the antioxidant N-acetylcysteine (NAC), which is used extensively as an antidote for
paracetamol (acetaminophen) poisoning in children, protects renal tubular cells from ifosfamide-induced toxicity at a clinically
relevant concentration. To further validate this observation, an animal model of ifosfamide-induced nephrotoxicity was used to
determine the protective effect of NAC.
Experimental approach: Male Wistar albino rats were injected intraperitoneally with saline, ifosfamide (50 or 80 mg kg�1 daily
for 5 days), NAC (1.2 g kg�1 daily for 6 days) or ifosfamideþNAC (for 6 days). Twenty-four hours after the last injection, rats
were killed and serum and urine were collected for biochemical analysis. Kidney tissues were obtained for analysis of
glutathione, glutathione S-transferase and lipid peroxide levels as well as histology analysis.
Key results: NAC markedly reduces the severity of renal dysfunction induced by ifosfamide with a significant decrease in
elevations of serum creatinine (57.8±2.3 vs 45.25±2.1mmol l�1) as well as a reduced elevation of b2-microglobulin excretion
(25.44±3.3 vs 8.83±1.3 nmol l�1) and magnesium excretion (19.5±1.5 vs 11.16±1.5 mmol l�1). Moreover, NAC
significantly improved the ifosfamide-induced glutathione depletion and the decrease of glutathione S-transferase activity,
lowered the elevation of lipid peroxides and prevented typical morphological damages in renal tubules and glomeruli.
Conclusions and implications: Our results suggest a potential therapeutic role for NAC in paediatric patients in preventing
ifosfamide nephrotoxicity.
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Introduction

With the advance in treating paediatric cancers, almost 80%

of children and adolescents become long-term survivors

(Oeffinger et al., 2006). However, long-term organ damage

caused by chemotherapy and radiation has become an

alarming health concern. As a result, many of these

paediatric cancer survivors experience life-long impairment

in their quality of life. Ifosfamide is a highly effective

chemotherapeutic agent for treating a variety of paediatric

solid tumours, including rhabdomyosarcoma, Wilms’

tumour, Ewing’s sarcoma, bone sarcomas, osteosarcoma

and neuroblastoma (Straka et al., 2003). Ifosfamide causes

nephrotoxicity in 30% of paediatric cancer patients, which

may present in more severe cases as Fanconi syndrome

(Skinner et al., 1993; Loebstein and Koren, 1998). This renal

disorder is characterized by urinary losses of amino acids,

glucose, phosphate, bicarbonate and small-molecular-weight

proteins such as b2-microglobulin as well as a decrease in the

GFR (Loebstein et al., 1999; Rossi et al., 1999; Skinner, 2003).

The clinical consequences can range from mild form

presented as hypophosphataemic rickets, which can be

corrected with phosphate or bicarbonate supplementations,
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to more severe conditions in which children may necessitate

a kidney transplant (Skinner, 2003).

Ifosfamide is a prodrug that is hepatically metabolized by

the cytochrome P450 enzymes 3A4, 3A5 and 2B6 to its active

metabolite ifosfamide mustard (Springate et al., 1999). The

reactive toxic metabolite chloroacetaldehyde, which is

produced by the side-chain oxidation of ifosfamide in renal

tubular cells (Woodland et al., 2000), is believed to be

responsible for the nephrotoxic effect (Springate et al., 1999;

Aleksa et al., 2005). In addition to the renally produced

chloroacetaldehyde in tubular cells, studies have demon-

strated that insufficient local levels of glutathione (GSH)

may predispose tubular cells to damage by chloroacetalde-

hyde (Aleksa et al., 2005). A large number of in vivo studies of

ifosfamide-induced nephrotoxicity have confirmed that GSH

has an important function as a cellular protective mecha-

nism against toxic metabolites such as chloroacetaldehyde

(Badary, 1998, 1999a, b; Sener et al., 2004; Sehirli et al., 2007).

These studies have investigated various antioxidant com-

pounds that may prevent the depletion of GSH. However,

the potential use of these antioxidants has not yet been

translated into clinical use, as their relative risks in children

have not been determined. Although there are a large

number of antioxidants, including methionine and amifos-

tine, N-acetylcysteine (NAC) holds a greater potential for

clinical use given that it is routinely used in children

experiencing paracetamol (acetaminophen) poisoning

(Marzullo, 2005).

N-acetylcysteine is a synthetic precursor of GSH, which

stimulates the intracellular synthesis of GSH, acts as a

nucleophile to conjugate with reactive metabolites and

enhances glutathione S-transferase (GST) activity (Tylicki

et al., 2003). A recent clinical trial demonstrated that NAC

can reduce the incidence of contrast-induced nephropathy,

including dialysis requirement and mortality, in patients

undergoing angiographic procedures (Al-Ghonaim and

Pannu, 2006). In animals, studies have confirmed nephro-

protective properties of NAC in cyclosporin-induced

nephrotoxicity, in cisplatin-induced nephrotoxicity (Mishima

et al., 2006) as well as in ischaemia/reperfusion injury

(Tariq et al., 1999).

We have recently shown, by using a porcine proximal

tubular cell line (LLCPK-1), that NAC protects renal tubular

cells from ifosfamide-induced nephrotoxicity at a clinically

relevant concentration (Chen et al., 2007). The objective of

our present study was to further investigate the protective

effect of NAC on ifosfamide-induced nephrotoxicity in an

in vivo model.

Materials and methods

Experimental design

All animal procedures and experimental protocols were

approved by the University of Western Ontario Animal Care

and Use Council. Male Wistar albino rats (weighing

200–225 g) were purchased from Charles River Canada

(Montreal, QC, Canada). They were kept at a constant

temperature (22±1 1C) with a regular 12-h light and dark

cycles and fed a standard rat chow and water ad libitum.

The rats were divided into four groups, each consisting of six

animals. The experimental design included one control and

three experimental groups as follows:

(1) Saline-treated control group. Rats were injected intraper-

itoneally daily with 0.9% NaCl (B0.5 ml) for 5 days.

(2) NAC group. Rats were administered an intraperitoneal

injection of 1.2 g kg�1 NAC daily for 6 days. The NAC

dose was adopted from a study by Lauterburg et al.

(1983).

(3) Ifosfamide group. The recommended dose administered to

cancer patients is 50 mg kg�1 daily for 5 days each cycle.

In a rat model, 50 mg kg�1 for 5 days has been shown to

induce damage to renal proximal tubules and the

Fanconi syndrome (Badary, 1998, 1999a, b; Sener et al.,

2004). A higher dosage of ifosfamide, 80 mg kg�1, was

administered to another group of rats to determine the

effect of NAC at a more severe stage of renal toxicity.

(4) NACþ ifosfamide group. Rats were administered ifosfa-

mide just as the ifosfamide group, except that they were

injected intraperitoneally with 1.2 g kg�1 NAC 1 day

before and then NACþ ifosfamide daily for 5 days.

The time course of enzymuria and proteinuria reaches its

peak between the third and sixth day of ifosfamide

treatment (Nissim and Weinberg, 1996). Twenty-four hours

after the last treatment, rats were killed in a CO2 chamber

(65% mixed with 35% O2). Blood (mixture of arterial and

venous blood) and urine samples were collected. Blood

samples were taken by the intracardiac puncture. The left

kidney was divided into three parts, and each third was

immediately homogenized in the specified buffered solu-

tions for different biochemical assays. Kidney homogenate

was analysed for GSH levels, 4-hydroxyalkenals (HAE),

malondialdehyde (MDA), an end product of lipid peroxida-

tion, and GST activity.

Serum samples were analysed for sodium, potassium, urea,

creatinine, phosphate, albumin, magnesium and glucose

(Core Lab, University Hospital, London, ON, Canada). Urine

samples were measured for potassium, urea, creatinine,

phosphate, magnesium, protein and b2-microglobulin

(Core Lab, University Hospital).

Glutathione determination

One-third of the left kidney including both the cortex and

medulla was weighed and then homogenized in 4 volume of

ice-cold 100 mM potassium phosphate buffer with 1.15% KCl

(pH 7.4) using a Teflon–glass homogenizer (Quantum BD

1000-04, Black & Decker Inc., Brockville, ON, Canada). EDTA

(2 mM) and acivicin (15 mM) were also added to prevent any

oxidation of reduced GSH and to inhibit g-glutamyl

transpeptidase. Levels of reduced GSH in the kidney homo-

genate were determined by a GSH colorimetric assay kit,

GT-30 (Oxford Biomedical Research Inc., Oxford, MI, USA),

with modifications. Samples (50 ml) of diluted kidney homo-

genates were used for the GSH measurement to which 50 ml

of 5% MPA were added. Samples were then vortexed for 20 s

and then centrifuged at 12 000 g for 10 min at 4 1C. Super-

natants (50 ml) were transferred into a 96-well plate, and 50 ml

each of chromogen DTNB (5,50-dithiobis-(2-nitrobenzoic
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acid)) and enzyme (glutathione reductase) was added.

Samples were incubated in the dark for 5 min at room

temperature, after which the samples were read at 412 nm

using Tecan Safire2 microplate reader (MTX Lab Systems Inc.,

Vienna, VA, USA). GSH concentrations were quantified by

comparing with a standard curve ranging in concentrations

from 0 to 3 mM and expressed as per milligram protein.

Lipid peroxidation

Another one-third of the same kidney was weighed and then

homogenized in 4 volume of ice-cold 20 mM potassium

phosphate buffer (pH 7.4) using a Teflon–glass homogenizer.

To prevent sample oxidation, 5 mM of butylated hydroxy-

toluene was added. The homogenate was centrifuged at

3000 g for 10 min at 4 1C, and the supernatant was trans-

ferred and used for the measurement of MDA and HAE using

the lipid peroxidation colorimetric kit, FR 22 (Oxford

Biomedical Research Inc.). Samples (100 ml) were mixed with

325 ml of diluted N-methyl-2-phenylindole and 75 ml of

methanesulphonic acid. Samples were vortexed for 30 s and

then incubated for 60 min at 45 1C. Thereafter, samples were

centrifuged at 13 000 g for 15 min at room temperature. MDA

and HAE levels were measured at 586 nm using a Tecan

Safire2 microplate reader. Both MDA and HAE levels were

plotted against a concentration range of 0–4 mM of MDA

standard (1,1,3,3-tetramethoxypropane).

Glutathione S-transferase activity

The last one-third of the same kidney was weighed and then

homogenized in 4 volume of ice-cold 100 mM potassium

phosphate buffer with 2 mM EDTA (pH 7.0) using a Teflon–

glass homogenizer. GST activity was determined by GST assay

kit (Cayman Chemical, Ann Arbor, MI, USA). Samples were

centrifuged at 10 000 g for 15 min at 4 1C. Supernatant (20 ml)

was transferred to a 96-well plate. GSH (20 ml) and assay

buffer (150 ml) were added. The reaction was initiated by

adding 10 ml of 1-chloro-2,4-dinitrobenzene. The reaction

rate, which was read at 340 nm, was determined by (DA340

per min per 0.00503 mM
�1)(0.2 ml/0.02 ml)� sample dilu-

tion. The background reading was subtracted from that of

the samples.

Histological analysis

For light microscopic investigation, the right kidney and

right thigh muscle were fixed in 10% buffered neutral

formalin solution (VWR, Mississauga, ON, Canada) for

48 h. Then the samples were dehydrated in an ascending

ethanol series and embedded in paraffin. Sections were cut at

4 mm on a rotary microtome, mounted on slides, stained with

haematoxylin and eosin or periodic acid-Schiff for the

muscle and kidney analysis, respectively. Periodic acid-Schiff

staining detects changes in the basement membrane of

epithelial cells. All tissue sections were examined micro-

scopically for the appearance of histopathological changes

by either an experienced renal or neuromuscular patho-

logist, without knowledge of the treatments.

Statistical analysis

All studies were performed using samples sizes of six or more.

Differences in serum and urine biochemical values, intra-

cellular GSH levels, lipid peroxides levels and GST activity

after different treatments were determined by one-way

ANOVA followed by the Student–Newman–Keuls post hoc

test. Values are presented as mean±s.e.mean. Analysis was

performed using GraphPad InStat 3.05 (San Diego, CA, USA).

Chemicals

N-acetylcysteine and butylated hydroxytoluene were

purchased from Sigma-Aldrich Canada Ltd (Oakville, ON,

Canada). Ifosfamide (IFEX) was purchased from Baxter

Oncology GmbH and Baxter Corporation (Mississauga, ON,

Canada).

Results

Serum and urine biochemistry

Ifosfamide at 50 mg kg�1 day�1 significantly increased serum

creatinine levels when compared with saline (Po0.001)

(Table 1). Ifosfamide also significantly increased urinary

magnesium (Po0.05) and b2-microglobulin (Po0.01) excre-

tion (Table 2). In contrast, the NAC treatment significantly

reversed the elevations of serum creatinine (Po0.001)

(Table 1) as well as that of magnesium (Po0.01) and

b2-microglobulin (Po0.001) excreted in urine (Table 2).

The higher ifosfamide concentration (80 mg kg�1) caused

more pronounced changes in serum parameters. Ifosfamide

significantly decreased serum potassium, urea, creatinine,

phosphate, albumin, magnesium and glucose (Table 3)

Table 1 Effects of 50 mg kg�1 IF and/or NAC treatment on some serum biochemical parameters in rats

Parameters Saline IF NAC NACþ IF

Naþ (mmol l�1) 143.83±1.02 144.18±0.68 142.61±0.57 145.75±0.46
Kþ (mmol l�1) 7.93±0.28 8.27±0.20 8.32±0.28 6.79±0.30
Urea (mmol l�1) 5.69±0.31 5.33±0.20 5.23±0.18 4.78±0.25
Creatinine (mmol l�1) 46.33±1.49 57.82±2.25*** 47.94±2.01 45.25±2.05þ þ þ

PO4
3� (mmol l�1) 4.165±0.08 4.88±0.14** 4.71±0.13* 4.24±0.24þ

ALT (U l�1) 90.56±21.93 88.12±7.95 56.50±2.71 66.33±7.17
AST (U l�1) 185.39±32.45 331±27.64*** 135.61±12.52 240.82±30.66þ

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; IF, ifosfamide, NAC, N-acetylcysteine.

Data shown as mean±s.e.mean. n¼ 12.

*Po0.05, **Po0.01, ***Po0.001 compared with saline group; þPo0.05, þ þ þPo0.001 compared with IF group.
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when compared with saline. NAC treatment significantly

prevented a decrease in serum potassium and magnesium

(Po0.05). Urinary b2-microglobulin levels were significantly

elevated at this ifosfamide dose level (Po0.01) and con-

current treatment with NAC prevented this elevation

(Table 4). Changes in urinary excretion of magnesium and

protein levels were not significant after treatment with the

higher ifosfamide concentration.

Body weight changes

The lower dose of ifosfamide (50 mg kg�1) significantly

reduced body weight gain (percentage of initial weight) as

compared with the saline and NAC groups (Po0.001)

(Figure 1). Concurrent administration of NAC, however,

did not prevent the reduction in body weight gain. The

higher dose of ifosfamide (80 mg kg�1) induced a more

pronounced weight loss in the animals (Po0.001), and

NAC treatment partially protected the animals against this

weight loss (Po0.001). However, the body weight gain in

this group of rats was still significantly lower than that of the

saline group.

Glutathione concentration

The 50 mg kg�1 ifosfamide dose significantly depleted GSH

levels (Po0.01) to about 50% of the control levels (Figure 2),

and NAC treatment was able to reverse this depletion. The

higher ifosfamide dose significantly depleted GSH levels

further (just below 40% of control) (Po0.001; Figure 3). Here

also, NAC treatment reversed the depletion of GSH.

Lipid peroxidation

Malondialdehyde and HAE levels in the ifosfamide-treated

animals were significantly higher than those of the control

Table 2 Effects of 50 mg kg�1 IF and/or NAC treatment on some urinary biochemical parameters in rats

Parameters Saline IF NAC NACþ IF

Ucr (mmol l�1) 3.95±0.34 5.55±0.51** 3.82±0.37 3.83±0.51þ

Umg2þ (mmol l�1) 15.02±1.77 19.50±1.48* 13.51±1.24 11.17±1.49þ þ

Uurea (mmol l�1) 403.5±38.56 433.35±31.78 396.76±38.85 346.17±46.41
UKþ (mmol l�1) 113.58±15.50 111.82±10.80 102.92±10.87 66.08±7.40
U

PO3�
4

(mmol l�1) 8.33±2.03 7.68±1.86 7.49±1.78 3.55±1.31
Uprotein (g l�1) 0.92±0.20 1.06±0.08 0.88±0.11 0.98±0.15
Ub2-micro (nmol l�1) 13.92 ± 2.07 25.44±3.33** 16.67±2.76 8.83±1.30þ þ þ

Abbreviations: IF, ifosfamide, NAC, N-acetylcysteine.

Data shown as mean±s.e.mean. n¼ 12.

*Po0.05, **Po0.01, compared with saline group; þPo0.05, þ þPo0.01, þ þ þPo0.001 compared with IF group.

Table 3 Effects of 80 mg kg�1 IF and/or NAC treatment on some serum biochemical parameters in rats

Parameters Saline IF NAC NACþ IF

Naþ (mmol l�1) 143.83±1.02 145.78±0.55 142.61±0.57 144.44±0.65
Kþ (mmol l�1) 7.93±0.28 6.42±0.31* 8.32±0.28 7.74±0.77þ

Urea (mmol l�1) 5.69±0.31 4.53±0.30** 5.23±0.18 4.39±0.15**
Creatinine (mmol l�1) 46.33±1.49 39.56±1.41* 47.94±2.01 45.11±2.18
PO4

3� (mmol l�1) 4.165±0.08 3.50±0.12** 4.71±0.13 3.96±0.28
Albumin (g l�1) 17.83±0.28 14.33±0.44*** 16.05±0.65 13.33±0.73***
Mg2þ (mmol l�1) 1.845±0.03 1.40±0.033*** 2.013±0.042 1.56±0.06þ

Glucose (mmol l�1) 17.95±0.96 13.49±0.39** 16.94±0.63 13.7±1.00**

Abbreviations: IF, ifosfamide, NAC, N-acetylcysteine.

Data shown as mean±s.e.mean. n¼ 12.

*Po0.05, **Po0.01, ***Po0.001 compared with saline group; þPo0.05 compared with IF group.

Table 4 Effects of 80 mg kg�1 IF and/or NAC treatment on some urinary biochemical parameters in rats

Parameters Saline IF NAC NACþ IF

Ucr (mmol l�1) 3.95±0.34 4.97±0.42 3.82±0.37 4.20±0.52
Umg2þ (mmol l�1) 15.02±1.77 19.51±2.59 13.51±1.24 14.2±1.41
Uurea (mmol l�1) 403.5±38.56 421.33±33.94 396.76±38.85 397.11±38.57
UKþ (mmol l�1) 113.58±15.50 107.5±10.39 102.92±10.87 79.78±8.67
U

PO3�
4

(mmol l�1) 8.33±2.03 2.82±1.37 7.49±1.78 2.09±0.83
Uprotein (g l�1) 0.92±0.20 1.22±0.19 0.88±0.11 1.10±0.11
Ub2-micro (nmol l�1) 13.92±2.07 25.55±4.93** 15.83±1.96 13.56±1.34þ

Abbreviations: IF, ifosfamide, NAC, N-acetylcysteine.

Data shown as mean±s.e.mean. n¼ 12.

**Po0.01 compared with saline group; þPo0.05 compared with IF group.
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groups (Po0.01; Figure 4). The combined treatment of NAC

and ifosfamide prevented these elevations. The higher ifosfa-

mide concentration produced a further increase in lipid

peroxide levels (Figure 5) and NAC prevented these elevations.

Glutathione S-transferase activity

In the rats treated with 50 mg kg�1 ifosfamide, GST activity

was significantly lower than that in the group treated with

saline (Po0.05; Figure 6). NAC treatment significantly

prevented this decrease in GST activity (Po0.05). NAC alone

tended to increase GST activity as compared to the control,

but this trend was not significant. At the higher ifosfamide

dose (80 mg kg�1), there was no change in GST activity as

compared to the control (Figure 7), and there were no

significant changes of GST activity in the NAC-treated

animals.

Histological analysis

Haematoxylin and eosin staining of the thigh muscles

demonstrated normal muscle architecture with closely

packed polygonal muscle fibre profiles and abundant small
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peripherally located nuclei in samples taken from the groups

treated with saline or NAC only (Figures 8a and b).

Treatment with 50 mg kg�1 ifosfamide resulted in some

distortion of the polygonal shape of muscle fibres with a

few areas of nucleus clumps, which are signs of atrophy

(Figure 8c). With 50 mg kg�1 ifosfamide and NAC treatment,

the muscle fibres showed morphology similar to that in the

saline and NAC-only groups (Figure 8d). At the higher

dosage of ifosfamide, the shape and the size of the muscle

fibre were more noticeably variable as compared with the

50 mg kg�1 dosage of ifosfamide. There was a greater extent

of lymphatic infiltration (Figure 8e). These muscle abnorm-

alities were improved when NAC was administered concu-

rrently with 80 mg kg�1 ifosfamide, but the shape of the

muscle fibre was still variable with signs of nucleus clumps

(Figure 8f).

Periodic acid-Schiff staining of the kidney showed regular

morphology of the tubules and glomeruli in both saline and

NAC-only groups (Figures 9a and b). There were no signs of

enlarged luminal space in the tubules and interstitial spaces.

Moreover, the basal membrane of the tubules was well

defined. The 50 mg kg�1 ifosfamide dose did not produce any

significant changes compared to the control (data not

shown). The 80 mg kg�1 ifosfamide caused severe renal

damage (Figure 9c), as indicated by the distorted proximal

tubules with sloughing cells, severe interstitial inflammation

and oedema as well as a degenerated glomerulus with

missing Bowman’s space. There was also a significant

amount of cell death. Concurrent treatment with NAC

prevented the damage seen in the tubules and glomeruli

(Figure 9d), with no signs of interstitial inflammation.

Discussion

The present study is the first to describe that NAC is able to

prevent ifosfamide-induced nephrotoxicity in an animal

model. A clinically relevant dosage of ifosfamide

(50 mg kg�1) resulted in altered renal functions as shown

by elevations of serum creatinine and urinary excretion of

magnesium and b2-microglobulin. At the same time, it

produced remarkable oxidative damage as shown by the

depletion in GSH levels, elevated lipid peroxide levels and

decreased GST activity. However, as expected, it did not lead

to detectable morphological changes in the renal tissue, as

this model only captures the early stage of ifosfamide

toxicity. At such an early stage of toxicity, NAC was able to

prevent the elevated levels of serum creatinine, urinary

magnesium and b2-microglobulin. To further evaluate the

protective effect of NAC, a higher ifosfamide dose

(80 mg kg�1) was used, resulting in decreases of more serum

biochemical parameters, including potassium, urea, phos-

phate, albumin, magnesium and glucose, as well as the
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Figure 7 The effect of ifosfamide (IF) and/or N-acetylcysteine
(NAC) on GST activity in the kidney after treatment with IF
80 mg kg�1 for 5 days. n¼6. *Po0.05, **Po0.01, ***Po0.001
compared with saline group; þPo0.05, þ þPo0.01, þ þ þPo0.001
compared with IF group. GST, glutathione S-transferase.
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Figure 8 Micrographs of rat thigh muscle tissues: (a) Saline group; (b) NAC group; (c) 50 mg kg�1 IF; (d) NACþ50 mg kg�1 IF; (e)
80 mg kg�1 IF; (f) NACþ80 mg kg�1 IF. H&E staining, �200. H&E, haematoxylin and eosin.
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urinary excretion of b2-microglobulin. This was paralleled by

a greater depletion of GSH levels and more elevated lipid

peroxide levels as well as morphological damage in the

tubules and glomeruli of the kidney. Critically, NAC reduced

the severity of ifosfamide-induced renal toxicity, as evi-

denced by almost normal morphology of the tubules and

glomeruli of animals that received combined treatment with

NAC and ifosfamide.

The ifosfamide-induced animal model of Fanconi syn-

drome was described by Nissim and Weinberg (1996), and it

has been subsequently used by several research groups to

evaluate the effect of different antioxidants on renal

functions in ifosfamide-treated rats (Nissim and Weinberg,

1996; Badary, 1998, 1999a, b; Sener et al., 2004; Sehirli et al.,

2007). In agreement with these studies, our results demon-

strated a similar pattern of renal dysfunction in both serum

and urine biochemistry. Furthermore, depletion of intra-

cellular GSH levels was pronounced at the early stages of

toxicity induced by ifosfamide. Our recent in vitro studies

have suggested that depletion of GSH is a key determinant in

ifosfamide-induced nephrotoxicity (Aleksa et al., 2005; Chen

et al., 2007). As this crucial cellular defence mechanism

weakens, renal cells are more susceptible to the oxidative

stress caused by reactive toxic metabolites such as chloro-

acetaldehyde. In this case, NAC is an ideal candidate for

replenishing tissue GSH levels, as its two major protective

mechanisms are to act as a precursor for GSH synthesis as

well as a nucleophile that scavenges reactive oxygen species

and conjugates with reactive metabolites rendering them less

toxic (De Vries and De Flora, 1993; Tylicki et al., 2003).

Furthermore, NAC has advantages over direct GSH supple-

mentation, as NAC can readily pass through cell membrane

thereby resulting in rapid replenishment of intracellular

GSH. In contrast, systemically administered GSH does not

pass through the cell membrane and its action may be

limited to the extracellular level only (Tariq et al., 1999).

Our animal model has demonstrated the effect of NAC on

acute ifosfamide nephrotoxicity. To date, all recent papers

addressing ifosfamide-induced nephrotoxicity also used

an acute animal model (Sener et al., 2004). An attempt to

establish an animal model for long-lasting ifosfamide-

induced Fanconi syndrome was unsuccessful by Appenroth

et al. (2007). However, the relationship between acute and

long-term renal damage has been well established. Acute

ifosfamide nephrotoxicity is often progressive, which may

potentially lead to chronic damage (Heney et al., 1991).

Hence, it is likely that early subclinical renal dysfunction

may predict later nephrotoxicity. A prospective study has

suggested that severe acute b2-microglobulinuria appeared to

be a prognostic indicator for the development of chronic

nephrotoxicity (Ho et al., 1995). In our study, NAC was able

to prevent b2-microglobulinuria during an acute renal injury.

On the basis of the relationship between acute and long-term

renal damage, NAC would presumably have a protective

effect on the chronic nephrotoxicity.

A close correlation between the depletion of tissue GSH

and an elevation of lipid peroxidation has been well

documented (Maddaiah, 1990). Lipid peroxidation becomes

more likely in cell membranes as a result of impaired

antioxidant defence mechanisms. Subsequently, the func-

tional integrity of the cellular structures is compromised and

in more severe cases, cell death may occur. The measurement

of MDA and HAE has been used as an indicator of lipid

peroxidation (Esterbauer et al., 1991). As shown in our

∗
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Figure 9 Micrographs of rat kidney tissues: (a) Saline group, well-defined tubules and glomeruli; (b) NAC group, similar structure as saline
group with normal tubules and glomeruli; (c) 80 mg kg�1 IF group, distorted proximal tubules with sloughing cells (arrows), severe interstitial
inflammation and oedema (arrowhead) and degenerated glomerulus (*); (d) NACþ80 mg kg�1 IF, relatively normal morphology of tubules
and glomeruli and interstitial inflammation is no longer present. PAS staining, �200. PAS, periodic acid-Schiff.
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findings, the levels of MDA and HAE in the ifosfamide-

treated group were significantly higher than those of the

control groups. In parallel, the GSH levels were significantly

depleted. In agreement with our previous in vitro findings,

NAC prevented renal tubular cell death as shown by almost

normal morphology of the tubules. In addition to GSH

depletion and lipid peroxidation, other toxicity mechanisms

such as a drastic decrease in cellular Co-A, acetyl-CoA

contents and cellular ATP levels, a key factor required for

GSH synthesis (Jez and Cahoon, 2004), as well as an increase

in lactate dehydrogenase release were suggested as contri-

buting factors to ifosfamide-induced nephrotoxicity

(Dubourg et al., 2001). For future mechanistic studies, it is

important to investigate the effect of NAC on these factors in

terms of preventing ifosfamide-induced renal injury.

Glutathione S-transferase is a phase II enzyme that

facilitates the conjugation of GSH with reactive metabolites

leading to the formation of a thioether bond that makes the

conjugate less reactive than the parental compound. There is

some evidence that NAC can enhance GST activity (Tylicki

et al., 2003), and we observed, in the present study, an

nonsignificant trend towards increased GST activity when

NAC was administered alone. More importantly, NAC

prevented the decrease of GST activity when it was

administered together with the 50 mg kg�1 concentration

of ifosfamide. This concurred with the findings from several

studies conducted by Badary (1998, 1999a, b). This suggested

that NAC has an important function in preventing ifosfa-

mide-induced nephrotoxicity by enhancing GST activity.

Furthermore, the detoxification mechanisms were augmen-

ted by increasing both GSH synthesis and the conjugation

between GSH and the toxic metabolites. However, the higher

concentration of ifosfamide did not cause any decrease of

GST activity in the present study. The induction of GST is

not in itself unusual. GSTs have been shown to develop

resistance towards chemotherapeutic agents (Townsend and

Tew, 2003). Exposure to these agents may lead to the

induction and expression of GSTs that protect the cell, and

sometimes this becomes apparent after either a long-term

exposure or at a higher dose. Mulders et al. (1995) reported

that the effect of ifosfamide treatment has no effect on GST

activity in patients with advanced cancers, whereas Dirven

et al. (1995) reported an elevation in isoform GSTp in the

presence of ifosfamide mustard, the pharmacologically

active metabolite. It appears that treatment with the higher

dose of ifosfamide (80 mg kg�1) may have induced GST

activity to detoxify the toxic metabolites.

One of the early signs of glomerular dysfunction is the

elevation in serum creatinine (Levey et al., 1988). Although

serum creatinine concentration is the most widely used

marker in estimating GFR (Levey et al., 1988), it has

limitations. Particularly in our study, an acute decrease in

muscle mass by ifosfamide decreased the amount of

creatinine available for filtration. As shown in the higher

ifosfamide dose experiment, a decrease in serum creatinine

was encountered as compared with the 50 mg kg�1 ifosfa-

mide. This was best explained by the animals losing body

weight significantly due to wastage in muscle mass, as shown

in the histology. This is a well-described side effect in

patients treated with anticancer drugs (Appenroth et al.,

2007) and was also reported in ifosfamide-treated rats

(Springate and Van Liew, 1995; Sener et al., 2004). As a

result, the serum creatinine concentration could not be used

adequately to reflect changes in renal function at the higher

dose of ifosfamide (80 mg kg�1).

Along with the elevated serum creatinine, changes in

urinary excretion of specific markers reflect the typical

tubular injury of Fanconi syndrome (Han and Bonventre,

2004; Trof et al., 2006). b2-Microglobulin, a low-molecular-

weight protein, is an early biological marker specifically for

proximal tubular injury (Wibell, 1978; Tolkoff-Rubin et al.,

1988), and this marker enabled us to detect tubular damage

at both 50 and 80 mg kg�1 ifosfamide.

In our experiments, structural and functional changes

were not always correlated in the high ifosfamide dose

experiments. NAC protected the renal tubule cells from

depletion of GSH, elevation of lipid peroxidation and

morphological damages. However, unlike the effects of

NAC at the 50 mg kg�1 ifosfamide dose level, some of the

serum parameters, such as urea, phosphate, albumin and

glucose, still remained significantly lower than those of

control groups. This is consistent with a dose-dependent

incomplete recovery from ifosfamide-induced nephrotoxi-

city. In some diseases characterized by acute renal failure,

structural recovery precedes functional recovery (Solez and

Whelton, 1984; Racusen, 1997).

In conclusion, the present study has illustrated that the

antioxidant NAC is able to protect the kidney from

ifosfamide-induced nephrotoxicity in an in vivo model.

Although it is a standard practise to administer 2-mercapto-

ethane sulphonate concurrently with ifosfamide to pre-

vent urotoxicity, NAC has been shown to also have a

protective effect in the bladder (Watson, 1984; Palma et al.,

1986). This may benefit patients as long as NAC does not

interact with 2-mercaptoethane sulphonate, in which case

the protective effect of both compounds could be compro-

mised. Future investigation addressing this issue is required.

Several clinical studies have addressed the issue of whether

NAC interferes the antitumour activity of chemotherapeutic

agents and found that NAC did not affect the antitumour

activity at least of cisplatin and ifosfamide for lung

carcinomas (Morgan et al., 1982; Dickey et al., 2005).

Furthermore, NAC has no effect on ifosfamide pharmaco-

kinetics (Benvenuto et al., 1992). More studies on the effect of

NAC on the antitumour activity of ifosfamide in relevant cell

lines are needed and these studies are currently ongoing in

our laboratory. Following the in vitro studies, the next logical

and indispensable step is to demonstrate the potential action

of NAC in a tumour-bearing animal model before continuing

onto clinical studies. As NAC is approved and widely used

in children with paracetamol (acetaminophen) toxicity, our

results should lead to testing the ability of NAC to prevent

ifosfamide nephrotoxicity clinically in paediatric patients.
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